
Pergamon 

Geochimica et Cosmochimica Acta, Vol. 58, No. 17, pp. 3595-3612, 1994 
Copyright 0 1994 Elsevier Science Ltd 
Printed in the USA. All rights reserved 

0016-7037/94 $6.00 + .OO 

0016-7037(94)00156-l 

Diffusion and reaction in rock matrix bordering a hyperalkaline fluid-filled fracture 

CARL I. STEEFEL* and PETER C. LICHTNER~ 

Mineralogisch-Petrographisches Institut, Universitat Bern, Bern, Switzerland 

(Received May 13, 1993; accepted in revised form February 14, I994 ) 

Abstract-Multicomponent diffusive and advective-dominant transport-reaction calculations are used 
to analyze water-rock alteration in rock matrix adjacent to a hyperalkaline fluid-filled fracture. The 
calculations indicate that rock alteration resulting from diffusive transport may be fundamentally different 
from that observed in the case of advective-dominant transport. Since advective-dominant and diffusive 
transport can result in differing reaction products as a function of time and space, the two transport 
processes may modify the chemical and physical properties of the rock at different rates. 

We apply reactive transport calculations to an analogue of the Cretaceous and Tertiary marls proposed 
as host rocks for the Swiss low-level nuclear waste repository. Diffusion-reaction calculations predict that 
the rock matrix bordering high-pH fluid-filled fractures could be completely cemented within 10 to 500 
years. The bulk of the porosity reduction occurs because of the precipitation of calcite resulting from the 
interdiffusion of Ca2+ and CO :-. In contrast, advective-dominant transport results in the precipitation 
of calcite only as a replacement of dolomite. Both advective-dominated and diffusive transport result in 
a porosity increase within millimeters or less of the fracture wall, an effect which could widen the fracture 
and thus increase the rate of radionuclide transport along the fracture. Because solute diffusion is coupled 
to porosity and tortuosity change in the rock matrix, cementation causes the fracture to become physically 
and chemically isolated from the rock matrix if no expansion of the rock occurs. As a consequence, 
reaction-induced porosity reduction may potentially decrease the buffering and sorbing capacity of a 
fractured host rock, thus reducing the physical and chemical retardation of contaminants migrating along 
fractures. These effects may occur within the time required for radionuclides in the repository to decay 
to environmentally safe levels. 

INTRODUCI’ION 

A NUMBER OF STUDIES have presented quantitative models 
for coupled multicomponent chemical reactions and solute 
transport (e.g., KORZHINSK~, 1970; FRANTZ and MAO, 1976, 
1979; WEARE et al., 1976; WALSH et al., 1984; LASAGA, 1984; 
LICHTNER, 1985,1988,1992; LICHTNER et al., 1986; BRYANT 
et al., 1987; SCHECHTER et al., 1987; KIRKNER and REEVES, 
1988; LIU and NARASIMHAN, 1989a,b; NOVAK et al., 1989; 
STEEFEL and VAN CAPPELLEN, 1990; STEEFEL and LASAGA, 
1992, 1994; YEH and TRIPATHI, 1991; BALASHOV and LE- 

BEDEVA, 199 1; BOUDREAU and CANPIELD, 1993; GUY, 1993; 
SEVOUGIAN et al., 1993). An important question with regard 
to reactive transport processes which has been largely ne- 
glected, however, is how water-rock reactions may differ in 
the case of diffusive vs. advective or advective-dominant 
transport. Aside from the differences in length scales which 
may occur, do the distributions of reaction products in space 
show similar patterns? Do completely different mineral as- 
semblages form in the two cases? Do the chemical and phys- 
ical properties of the rock change at different rates for the 
two modes of transport? The problem of diffusive transport 
and reactions is a very general one in the earth sciences. For 
example, coupled diffusion and reaction in fractured rock is 
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a subject of longstanding interest to economic geologists 
studying hydrothermal vein formation. How economic min- 
eralization in veins or fractures relates to “wall-rock altera- 
tion” has been studied for many years, although not with 
methods which explicitly and quantitatively couple diffusive 
transport to chemical reactions (e.g., SALES and MEYER, 
1948, 1949, 1950; MEYER and HEMLEY, 1967; MEYER et 
al., 1968; BRIMHALL, 1977). “Diffusion metasomatism” has 
also been widely discussed in metamorphic geology (e.g., 
KORZH~NSKII, 1970), although without considering the actual 
timescales for the processes involved. 

Reactive transport modeling may be useful in performance 
assessment analyses of nuclear waste repositories where it is 
necessary to predict the evolution of the porosity, perme- 
ability, and tortuosity of the rock over geological periods of 
time. A great deal of research is in progress to assess the 
feasibility of placing nuclear waste in man-made repositories 
sited within natural rock formations. The host rock sur- 
rounding the repository is intended to act as a natural barrier 
to retard the migration of radionuclides away from the re- 
pository. The physical and chemical properties of the host 
rock, however, may not remain constant over the time re- 
quired for the radionuclides to decay to safe levels. For ex- 
ample, chemical reactions can significantly modify the phys- 
ical and chemical characteristics of the repository host rock. 
A number of possible effects can be cited: chemical reactions 
may ( 1) alter the local fluid flow regime by changing the 
permeability of the host rock (e.g., LICHTNER, 1985; OR- 
TOLEVA et al., 1987; SANFORD and KONIKOW, 1989; STEEFEL 
and LASAGA, 1990; STEEFEL and LASAGA, 1994)) (2) cause 
a change in the effective diffusion coefficient for ions in the 
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pore fluids by changing the porosity and tortuosity of the 
host rock, and ( 3) result in a change in the neutralization 

and sorption capacity of the rock by modifying its chemical 

composition. Any of these phenomena could have a signifi- 

cant impact on the migration behavior of radionuclides. 

The materials used in constructing a nuclear waste reposi- 

tory may themselves have a significant influence on the local 

groundwater chemistry. Cement has been proposed as a con- 

struction material for low-level nuclear waste repositories in 
several countries. including Switzerland, Great Britain, 

Sweden, and the USA. A concern with the use of cement as 

a const~ction material is that ~oundwate~ which react with 
it may attain pH values as high as 13, thus creating a hyper- 

alkaline plume very far from equiiib~um with respect to the 

repository host rock. The hyperalkaline plume may cause 

significant alteration of the physical and chemical properties 

of the rock. 
In this paper we present a model for coupled chemical 

reaction and diffusive transport to analyze the effects of water- 
rock interaction in the vicinity of a cement-bearing nuclear 
waste repository. The host rock considered is similar to that 

proposed as repository site by the Swiss in Cretaceous and 
Tertiary marls. We focus on the portion of the flow system 
where high-pH fluids. having percolated through the cemen- 

titious repository. infiltrate the marl along discrete fractures. 
In this analysis, we neglect the processes like calcification 
which might take place in the cement itself. A more thorough 
description of the processes taking place in the host rock 
would require a “dual porosity” model where reaction and 
transport along the fracture are coupled to diffusion and rc- 
action in the adjacent rock matrix. In this paper we restrict 
ourselves to one-dimensional transport perpendicular to the 
fracture (Fig. I ). The effects of diffusion and reaction in the 
rock matrix are contrasted with those obtained when advee- 
tive transport dominates. The problem of pure advective in- 
tiltration of a hyperalkalille plume has been examined in 
detail by LICHTNER and E~~~~~BER~ ( 1994). The calculations 
are used to predict both the rate and spatial distribution of 
reaction-induced porosity change in rock matrix bordering 
a fracture filled with a high-pH fluid. We examine the feed- 
back between the chemical reactions and the rates of diffusive 
transport by including a phenomenological relationship be- 
tween the porosity and the tortuosity of the rock matrix. 

hlATHEMATICAL FORMULATION 01; THE MODEI. 

Conservation Equations 

A continuum representation of coupled diffusive mass 
transport and chemical reactions can be described mathe- 
matically by a set of partial differential equations in time and 
space of the form 

where C’, is the concentration of the ith species in solution 
(in units of mol m 3 solution), D is the coefficient for diffusion 
in porous media (m* s--’ ), R, (mol m -’ rock s- ‘) is the net 
reaction rate of species i in solution, and N,,, is the total 
number of aqueous species. With the assumption of equilib- 
rium among the various species in solution, it is possible to 
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I%. I. Schematic re~re~ntation of the physical setting of a fracture 
developed in a marl host rock and emanating from a cement-bearing 
nuclear waste repository. The calculations assume that flow in the 
fracture maintains a fluid composition along the fracture wall which 
is in equilibrium with cement. The lack of equilibrium between the 
minerals making up the marl and the high-pH fluid in the fracture 
generates diffusional fluxes between the two. The physical setting of 
the computational domain is shown along with the discretization 
scheme for a one-dimensional problem using integrated finite differ- 
ences. 

reduce the number of actual unknowns by partitioning the 
system between the primary or linearly inde~ndent species, 
Cl. and the secondary or linearly dependent species, X, (REED, 

1982; LICHTNER, 1985: KIRKNER and REEVES, 1988; YEH 

and TRIPATHI, 1989; STEEFEL and LASAGA, 1994). The con- 
centrations of the secondary species can be written in terms 
of the concentrations of the primary species using the law of 
mass action for the equilibrium reactions which link them: 

x, = k’;’ y, ’ fi (y,c;p (i= l.....N,), (2) 
I- 1 

where the K, are the equilibrium constants of the reaction 
written as the destruction of one mole of the secondary spe- 
cies. yI and y, are the activity coefficients for the secondary 
and primary species, respectively. v,, is the sto~~hiometric re- 
action coefficient, and N, and N, are the number of primary 
and secondary species in the system, respectively. If a “total” 
component concentration. Pi, of thejth component is defined 

by 

9, = c; f : ll,,X,, (3) 
I I 

then the governing diff‘erential equations can be written in 
terms ofthe “total” concentrations ( LICHTNER, 198.5; KIRK- 

NER and REEVES, 1988: YEH and TRIPATHI, 1989): 
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(j= l,...,N,). (4) 

LICHTNER ( 1985 ) refers to ‘I’j as the “generalized concentra- 
tion” because it may take on both negative and positive val- 
ues. The reaction rates of the homogeneous (speciation) re- 
actions in Eqn. 4 have been eliminated with Eqn. 3 (see 
LICHTNER, 1985; KIRKNER and REEVES, 1988), leaving only 
the mineral-fluid (heterogeneous) reactions, Rp. In this 
work, all heterogeneous reactions are assumed to be irre- 
versible. The heterogeneous reaction term Rp can be written 
as the sum of all the individual mineml-water reactions that 
affect the concentration of the jth species: 

(5) 

where r, is the rate of precipitation or dissolution of mineral 
m per unit volume rock, vmj is the number of moles ofj in 
mineral m (or stoichiometric coefficient if the reaction is 
written in terms of the dissolution of one mole of the min- 
eral), and ri, is the number of minerals present in the rock. 
r,,, is positive for precipitation and negative for dissolution. 

Writing the conservation equations in terms of the total 
con~ntmtions is only possible when the diffusion coefficients 
for all species are the same. Although this is in general not 
strictly true, particularly in the case of the H ‘- ion ( OELKERS 
and HELGESON, 1988), the assumption makes the solution 
of the reaction-transport equation simpler because the sec- 
ondary species do not have to be individually transported. 
For a discussion of the case where the diffusion coefficients 
are not all the same, see LASAGA ( 1979) and LICHTNER 
( 1985 ). We also assume that the diffusion coefficients do not 
depend on concentration, which is justified at the relatively 
low ionic strengths considered here (FELMY and WEARE, 
1991). 

The diffusion coefficient for porous media, L), can be ex- 
pressed in terms of the diffusion coefficient in water, Do, and 
a formation factor, F, according to 

D=$, 

where F is defined as the ratio of the resistivity of the saturated 
porous medium over the resistivity of the pore solution alone 
( MARSILY, 1986). The factor, F, may be defined in numerous 
ways (see, for example, DULLIEN, 1979) but here a definition 
based on Archie’s Law is used which gives the formation 
factor as 

F = Cp-“, (7) 

where m is the “cementation exponent” ( DLJLLIEN, 1979). 
DULLIEN ( 1979) reports values of m which range between 
about I .3 and 2.5. 

Initial and Boundary Conditions 

The solute concentration boundary conditions at the frac- 
ture inlet are given by 

Cj (X = 0, t) = C,“(t), (8) 

or equivalently, 

IPj (X = 0, t) = *y(t), (9) 

where we have considered the possibility that the boundary 
conditions may depend on time. If the rock consists of a set 
of parallel fractures, then the symmetry plane hallway be- 
tween two adjacent fractures corresponds to a no-flux con- 
dition given by 

(10) 

The initial conditions for the solute concentmtions and the 
mineral volume fractions, &,, are given by 

c, (x, t = 0) = c: (11) 

and 

(b, (X, t = 0) = $2. (12) 

The initial solute concentrations are‘determined by some 
combination of either mineral equilibria, charge, or total 
concentration constraints. 

Kinetic Formulation 

We use a kinetic rate faw based on the assumption that 
attachment and detachment of ions from mineral surfaces is 
the rate-limiting step ( STEEFEL and LASAGA, 1994). The rate 
laws used for mineral precipitation and dissolution in 
1 DREACT ( STEEFEL and LASAGA, 1994; see Appendix) are 
based loosely on transition state theory (e.g., LASAGA, 198 1; 
AAGAARD and HELGESON, 1982; LASAGA, 1984). This for- 
mulation gives the dependence of the rate on the saturation 
state of the solution. The ion activity product, Qm, is defined 

by 

where the aj are the activities of the primary species used in 
writing the dissolution reaction for the mineral, and the vmj 
are the stoichiometric coefficients for the reaction. This leads 
to the following form for the rate law of crystal growth and 
dissolution of a mineral (see LASAGA, 198 1, 1984; AAGAARD 
and HELGESON, 1982; STEEFEL and VAN CAPPELLEN, 1990; 
STEEFEL and LASAGA, 1994) 

r,=sgn(log[~])A,kn(~~of)l(~)l- lI^, (14) 

where k,,, is the growth or di~olution rate constant, ai is the 
activity of an inhibiting or catalyzing species raised to an 
empirically determined power p, and .& and n are two positive 
numbers which are also normally determined empirically. 
The vertical bars 1 1 refer to the absolute value of the quan- 
tity and the term sgn (log [ Q,,,/K,,,] ) gives the sign of the 
expression, negative if the fluid is undersaturated and positive 
if the fluid is supersaturated with respect to the mineral. This 
formulation ensures that the reaction rate, r,, has the correct 
sign when n # 1. This is in contrast to the expression given 
in STEEFEL and VAN CAPPELLEN ( 1990) (as pointed out by 
MERINO et al.. 1993), although the correct expression was 
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used in the calculations presented in that work. We have not 
explicitly included a pH dependence to the reaction rate in 
the calculations presented here. although the reaction rate 
constants used in the calculations are characte~stic of high- 
pH conditions. Equation 1 is solved numerically using the 
code IDREACT which is discussed in the Appendix and in 
STEEFEL and LASAC~A ( I994 ). 

Mineral Alteration 

The mineraf abundances as a function of time and space 
are given by 

(15) 

where V’,,, is the molar volume of mineral M, and $,, is its 
volume fraction per unit volume rock. By computing the 
mineral volume fractions as a function of time, the porosity 
can be immediately calculated from the expression 

This assumes that there are no other effects on the porosity 
like compaction or dilation. 

VERIFICATION OF THE ALGORITHM 

The algorithm can be verified in part by comparing the 
results of the numerical caIculations using the code 
1 DREACT with the semi-analytical results given by LKHT- 
NER ( 199 1 ) for a three-component system characterized by 
local equilibrium, equal diffusion coefficients for all species. 
purely diffusive transport, constant porosity, and concentra- 
tion boundary conditions. LICHTNER f 199 I ) analyzed a hy- 
pothetical system confining the solutes A, B, and C which 
are allowed to form two distinct minerals: AB,, which initially 
makes up the rock, and ACZs, which replaces AB,,. The inlet 
solution at the boundary, s = 0, is undersaturated with respect 
to both minerals. The hypothetical system can be taken to 
represent the replacement of gypsum by calcite if the pI-1 is 
assumed to be constant and the solute species A, B, and C 
correspond to Ca”, SOf , and HCO;, respectively. Al- 
though the analytical solution yields the position of the min- 
eral AB, (gypsum) as a function of time, the internal precip- 
itation rate within the AC, zone (calcite) must be determined 
numerically ( LICHTNER, 199 1). Fo~unately, the integ~tion 
is straightfo~ard and introduces a minimal error, so that 
the result can be taken as neariy exact. Since the method 
used by LICHTNER ( 1991) is fundamentally different from 
the one used in this paper, a comparison between the two 
approaches is useful in any case. 

The code IDREACT has no provision currently for the 
assumption of local equilib~um between the fluid and the 
minerals, but a reasonably close approximation can be ob- 
tained by using sufficiently large reaction rate constants. The 
numerical calculation was carried out using the same bound- 
ary conditions, equilibrium constants, diffusion coefficient, 
and initial volume fractions as in the pure diffusion problem 
considered by LICHTNER ( 199 I ). A reaction rate of 1 0e3 mol 

m Zs-I and a surface area of 500 m2 was used for both min- 
erals AB, and AC,. 

The reaction rate of mineral AC, after 100 years is shown 
in Fig. Za,b. Between x = 0 and about 0.92 cm, both minerals 
AB, and AC., have disappeared from the rock since the fluid 
is undersaturated with respect to them at x = 0, and the rate 
vanishes. The position of the dissolution front of the mineral 
AC, occurs at about 0.92 cm and marks the start of the zone 
AC, while the precipitation peak at about 2.35 cm marks the 
position of the front where mineral AC, is replacing mineral 
AB,. The peaks in the rate, marking the positions of the two 
reaction fronts, represent the kinetic expression of what in 
the local equilibrium limit is a delta function. Figure 2b is a 
magnification of the reaction rates in Fig. 2a in order to show 
more clearly the internal precipitatjon rate of mineral AC,. 
The broken line represents the rate obtained nume~cally from 
the code IDREACT and is compared with the (semi-ana- 
lytical) local equilibrium results (solid line) obtained by 
LICt-ITNER ( I99 I ). Bordering the internal precipitation zone 
in the kinetic (numerical ) case are the (truncated) dissolution 
and precipitation peaks co~es~nding to the position of the 
reaction fronts. These peaks ate not shown in the local equi- 
librium case where they would appear as delta functions due 
to the jump discontinuity in the solute concentrations across 
the reaction fronts. IDREACT slightly overestimates the 
magnitude ofthe internal precipitation rate over the first part 
of zone AC. In addition. the beginning and end of the internal 
AC, pr~ipitation zone in the numerical calculation lag about 
0.5 mm behind the positions in the local equilib~um case. 
Despite these discrepancies, the agreement between the two 
is good and it indicates that the numerical methods employed 
in IDREACT can be used to track reaction fronts in the 
mu~ticomponent case. A complete validation ofthe numerical 
model would require a more thorough error analysis of the 
effects of different grid spacings and time steps. 
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FIG. 2. (a) Reaction rate for mineral AC, at 100 years From the 
numerical code I DREACT. The sharp dissolution and precipitation 
peaks correspond to the positions of the reaction fronts. (b) Com- 
parison of internal precipitation rates of mineral AC, obtained from 
a semi-analytical, local equilib~um calculation f LICWTNER, 199 I f 
and nume~caiIy by the code I DREACT. 
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APPLICATION TO THE PROPOSED SWISS LOW-LEVEL 
REPOSITORY SITE 

The remainder of the paper is devoted to an analysis of 
some of the chemical and physical effects of solute diffusion 
from a hyperalkaline fluid-filled fracture into a marl rock 
matrix. The use of a fluid composition saturated with respect 
to portland cement as a fixed boundary condition along the 
fracture wall implies #at the fluid in the fracture has not 
been affected by reaction with the marl host rock. Physically, 
this would be the case where the flow velocity in the fracture 
was infinite (or more practically, very large), or to the region 
close to the fracture inlet. In order to consider the effects of 
a partly reacted fluid in the fracture, a dual porosity model 
is necessary. 

The calculations are carried out with and without coupling 
the change in porosity (and thus, the diffusivity) caused by 
mineral reactions. The rock matrix is assumed to be im- 
mobile. In this case, if the porosity is updated it must tend 
towards zero as cementation proceeds. In a natural setting 
the rock matrix could expand, thus allowing precipitation to 
continue for extended periods of time without reducing the 
porosity. Although this second alternative is not explicitly 
modeled because of the assumption that the rock matrix is 
immobile, the “constant porosity” assumption can be used 
to obtain an approximate representation of the solute con- 
centration profiles in this case. The “constant porosity” ap- 
proximation is the endmember case in which the effective 
diffusion coefficient in the rock remains constant. 

OH- and low silica activities (ATKINS and GLASSER, 1992; 
BERNER, 1992; REARDON, 1992; LICHTNER and EIKENBERG, 
1994). While the activity of silica in the Si02-H@ system 
increases with increasing pH (BUSEY and MESMER, 1977; 
THORNTON and RADKE, 1933; EIKENBERG, 1990; LICHTNER 
and EIKENBERG, 1994), in the CaO-SiOz-Hz0 system, the 
activity of silica actually decreases above about pH = 10 due 
to the precipitation of the CSH-gels (GREENBERG and 
CHANG, 1965; SARKAR et al., 1982; LICHTNER and EIKEN- 
BERG, 1994). As a result, the dissolution of silica-bearing 
phases (like quartz, muscovite, chlorite, and clays) at high 
pH can cause ( 1) an increase in porosity at the cement-marl 
contact as silicate minerals dissolve, as well as (2) a decrease 
in porosity because of the precipitation of large quantities of 
CSH-gels further from the contact in the marl. Significant 
porosity reduction can result from the precipitation of CSH- 
phases. Secondary amorphous and cryptocrystalline CSH- 
phases such as okenite, foshagite, tobermorite, and hille- 
brandite, in addition to zeolites and authigenic feldspars, have 
formed in a natural analogue of a cementitious system in 
northern Jordan (KHOURY and NASSIR, 1982). 

Cement porewater compositions 

Cement and Marl Geochemistry 

Geochemistry of the cemenf 

Cement-based materials are used or have been proposed 
for use in the containment of contaminants in a large number 
of environments ( REARDON, 1992). The chemistry of port- 
landite-based cement, however, is complicated and much 
work remains to be done even to establish its thermodynamic 
properties. The problem is further complicated by the fact 
that the di~olution of cement is incon~ent ( BERNER, 1992; 
REARWN, 1992). The composition of fluids emanating from 
a cement-bearing repository, therefore, may change over time. 

A summary of the thermodynamic properties of cement 
is provided by LEA ( 1970). Hydrated cements contain a 
number of compositionally complex phases with variable 
thermodynamic properties. In addition, at the low temper- 
atures prevailing in the vicinity of a low-level repository, many 
of the secondary phases are crypto-crystalline, making their 
identification and thermodynamic characterization more dif- 
ficult. Despite these difficulties, a simplified phase compo- 
sition which is compatible with analytical porewater data 
(KALOUSEK, 1952; GREENBERG and PRICE, 1957; GREEN- 
BERG and CHANG, 1965; ATKINSON et al., 1987) can be as- 
sumed on the basis of hydration models (GLASSER et al., 
1988; BERNER, 1987). 

As pointed out above, the dissolution of portlandite-based 
cement occurs incongruently, with preferential early release 
of highly soluble NaOH and KOH, followed later by calcium 
hydroxide. The high NaOH and KOH concentrations can 
lead to cement porewater pH values above 13. The transient 
degradation of the cement is generally attributed to the slow 
diffusion of elements from the cores of unreacted alkali-rich 
cement minerals ( BERNER, 1990, 1992; REARDON, 1992; 
ATKINS and GLASSER, 1992). The alkalies are present in 
cement in the form of solid solutions with readily-soluble 
sulfates and as minor constituents with clinker phases alite, 
belite, aluminate, and ferrite. Thus, the system is not in equi- 
librium and solubility constraints do not apply for K and 
Na. Since Na and K typically make up less than 5% of cement, 
they should be leached gradually from the cement, leading 
eventually to porewater compositions dominated by Ca2+ 
with pH values between 12 and 13 ( BERNER, 1992). Little 
is known, however, about the actual time dependence of ce- 
ment degradation. BERNER ( 1992) calculated the evolution 
of the cement pore compositions by assuming that within 
each water-exchange cycle, 5% of the remaining Na and K 
were leached from the cement. He predicted that Ca would 
dominate the porewater chemistry after about 100 cycles. To 
relate these water-exchange cycles to real time requires a 
knowledge of the local fluid flux through the cement. BERNER 
( 1992) estimated that each cycle would last 1 to 100 years, 
suggesting that the Na- and K-rich stage could last from 100 
to 10,~ years. At present it is not possible to predict with 
certainty the partitioning of alkalies between solid and liquid 
phases. 

The two most important phases in the hydration of a Ca- In this paper, we address the problem of the incongruent 
rich cement are pottlandite (Ca( OH h) and various calcium dissolution of cement by considering three different scenarios. 
silicate hydrates (referred to as CSH-gels). The presence of Most of the calculations are carried out with a cement pore- 
these two phases teads to porewater compositions with high water composition which has low Na and K concentrations 
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which are determined by the ambient marl groundwater and 
which has a sotution pH of 12.54. In order to compare the 
behavior of the Ca-rich system with that of a Na- and K-rich 
system, we also carry out calculations using higher Na + K 
concentrations and higher pH values. We compare calcula- 
tions in which the solution is assumed to remain constant at 
a total Na + K concentration = 0.3 M and a pH = 13.25 
with caIculations in which the Na and K gradually decrease 
with time over 1,000 years. The concentrations of species in 
the cement porewater are determined by a number of con- 
straints. Some are fixed by equiIib~um constraints between 
the pore fluid and the minerals typically found in the cement 
(portlandite, ettringite, calcite, katoite, brucite, foshagite ). 
Others are either from the local groundwater or they are as- 
sumed to result from the degradation of the cement (e.g.. Na 
and K). The pH is obtained by charge bafance. The com- 
position of the Ca-rich cement porewater is given in Table 1 
and the composition of the Na + K-rich cement porewater 
is given in Table 6. The cement porewaters serve as the 
boundary condition at x = 0 for the diffusion-reaction cal- 
culations. 

Table 2. Initial modal composition of the Wellenberg marl used in 

the calculations in this study. Assumes an initial porosity of ‘2%. 

Mineral 

calcite 
Volume % 

45 

dolomite 
muacovite 

quartz 

kaoiinite 

5 

20 

15 

13 

ify the initial com~sition of the marl ~oundwater in this 
study (Table 3 ). 

Calculation Parameters 

The Cretaceous and Tertiary marls in the vicinity of the 
proposed Swiss low-level nuclear waste repository site display 
variable modal com~sitions (LICHTNER and EIKENRERG, 
1994). The marls consist primarily of calcite, dolomite, mus- 
covite, quartz, chlorite, and pyrite (LICWTNER and EIKEN- 
BERG, 1994). A slightly ideatized modal composition without 
pyrite and with kaolinite substituted for chlorite was used in 
the calculations (Table 2). Mercury injection measurements 
on the marl indicate a porosity of about 2% (M. Mazurek, 
pens. commun., 1992). 

The reaction rate constants used in all of the calculations 
are given in Table 4. Although the calculations do not include 
an explicit pH dependence to the rates (see Eqn. A3), the 
rate constants used for muscovite, kaolinite, K-feldspar, 
quartz, and albite were determined under high pH rather 
than neutral conditions (BRADY and WALTHER, 1989). 
Equilibrium constants for minerals and aqueous complexes 
reactions are given in Tables 4 and 5, respectively. AH min- 
erals are treated as pure phases. Activity coefIicients are cai- 
culated with an extended Debye-Htickel formulation. All the 
calculations without a porosity feedback used a value of 1.5 
for the cementation exponent in Archie’s Law, giving an ef- 
fective diffusion coefficient, R, of I.4 X 10e6 cm2 s’. In the 
calculations with a porosity feedback, cementation exponents 
of 1.25, i .5. and 2.0 were compared. 

bard porewater ~0m~o~~~Iions 

The groundwaters at the Wellenberg site show two distinct 
chemical compositions, a NaCl-type with an ionic strength 
-0.1 M and a NaHCO&pe water with an ionic strength 
so.02 M (J. Piittinger, pers. commun.; LKHTNER and Er- 
KENBERG, 1994). The NaHC03-type water was used to spec- 

A total of 200 to 300 grid points were used to discretize 
the spatial domain. In most cases, a grid spacing of 0.5 mm 
was used between .Y = 0 (the fracture wall) and 5 cm from 
the fracture wail, a spacing of 3 mm between S and 20 cm, 
and a spacing of 6 mm between 20 and 50 cm. The time 
steps used in the calculations were allowed to vary with time, 
beginning with less than a second and increasing up to a 
maximum value of 1 year. 

C~culations with Constant Porosity 

The evolution of the solution pH up to 30 years is plotted 
against distance (in cm) from the fracture wall in Fig. 3. The 

Table 1. Solute concentratians and constraints for the low Na-K Table 3. Solute concentrations and constraints for the marl pore 
cement pore water used ~9 a boundary condition in the calculations. water used as an initial condition in the calculations. 

Concentration Constraint 

(moV) 
OH- 3.61 x IO-’ charge balance 

AI( 1.53x1o-5 katoite 

K tot 1.o2x1o-4 marl groundwater 

Nai0t 1.83x10-* marl groundwater 

Caz+ 8.53x 1O-3 portlandite 

Mg’+ 4.43x1o-s brucite 

SiO2(,) 8,44x10-“’ foshagite 
CO;- 1.64x10-* calcite 

so:- 5.58x 1O-5 ettringite 

Cl*,, 1.03x 1o-3 marl groundwater 

T(“C) 25 

I(M) 4.59x1o-2 

PH 12.46 

Concentration Constraint 
+W 

OH- 2.30x 10-c 
AI( 2.20x10-* muscovite 
K tot 5.11x1o-5 

Nai,t 1.79x 10-Z 
caa+ 3.93x10-’ calcite 
Mgz+ 2.49x 1o-6 dolomite 

SiOz(=+) 1.67x10-’ chalcedony 
CO$ 2.32x 10-r 

SO:- 1.15x10-p 
Cl- 1.66x 1O-6 charge balance 

T(“C) 25 

I(M) 1.31x10-r 

PK 8.3 
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Table 4. Reaction rate constants and equilibrium constants used in 
the calculations. 

Mineral k 2s*c Log Kf., M n 

Calcite 

-, 
(moles rnw2 8-l) 

3x1o-6 -8.48 0.5 2 
Dolomite 1x10-Q -18.14 1 1 
Muscovite 1x10-= -27.43 1 1 
Quartz 1x10-” -4.00 I 1 
Kaolioite 1x10-” -11.20 1 I 
Albite 1x10-” -20.24 1 1 
Chalcedony 1 x lo-” -3.73 1 1 
K-feldspar 1x10-” -23.28 1 1 
Gibbsite 1x10-‘0 -1.36 1 1 
Natrolite 1x10-‘0 -27.48 1 1 
Laumontite 1x10-*0 -32.34 1 1 
Analcime 1x10-‘0 -15.94 1 1 
Sepiolite 1x10-” -81.52 1 1 
Brucite 1x10-s -11.69 1 1 
Ettringite 1x10-s -43.94 1 1 
Hillebrandite lxlo-g -19.68 1 1 
Katoite lxlo-s -23.04 1 1 
Foshagite 1x10-* -48.96 1 1 
Tobermorite 1x10-s -70.95 1 1 
Portlandite 1x10-Q -5.44 1 1 

1. All equilibrium constants from the EQ3/EQ6 database (Woi- 
ery et al., 1990) except for tobe~orito, foshagite, and hi~lebr~- 
dite which are from Lichtner and Eikenberg (1994). All reactions 
written as the destruction of 1 mole of the mineral and using the 
primary species OH-, AI(O K+, Na+, Ca2+, Mg”+, SiOs(o+ 
CO;-, SO:-, Cl-, and HsO. 

Table 5. Equilibrium constants for species in the calculations. 

Species 
H+ 

Log K:, 
14.00 

Al(OH)2+ 24.85 
Al(OH): 15.94 

Al(W3(cw) 8.01 
A13+ 33.83 
H#iO:- -5.08 
H&O; -4.18 
HCO; 3.67 
CO 215?1 11.32 
HSO; 12.02 

H2S04(aq) 29.01 
NaHC0q.9) 3.51 
NaCO; -0.51 

NaO&) 0.18 
NaSO; -0.82 

NaHsSiO4(,,) -5.33 

M&03(w) -2.98 

MgH2SiO4(,,) -10.51 
MgHsSiO: -5.45 
MgHCO,+ 2.63 
MgOH+ -2.21 

MgSO+,> -2.41 
MgCI+ 0.13 

CaH2SiO~(~~) -9.43 
CaHsSiO$ -5.20 
Ca(H3SiW2(4p) -12.93 
CaHCO: 2.62 
CaOH+ -1.14 

CasO+z,) -2.11 

KOH<.,) 0.46 
KSO; -0.88 

effect of the diffusion of species into the marl rock matrix 
from the fracture can be seen out to 50 cm by 10 years. The 
solution pH quickly attains a steady state within IO cm of 
the fracture wall. Note that a relatively large distance is re- 
quired for the marl to neutralize the pH, despite the fact that 
the reaction rate constants used for the phases muscovite, 
kaolin&e, albite, and K-feldspar are 100 times larger than 

14 I 
- lOYears 
----- 20 Years 
---- 30 Years 

“0 10 20 30 40 50 

Distance (cm) 

FIG, 3. Time evolution of pH in simulations assuming a constant 
porosity in the transport equations. The fracture wall, at x = 0, is in 
equilibrium with cement at a pH of 12.45. Boundary conditions for 
the calculation are given in Table 1 and the initial conditions are 
given in Table 3. 

1. All equilibrium constants for species from the EQ3/EQ6 
database. All reactions written as the destruction of 1 mole of the 
species and using the primary species OH-, Al(OH);, K+, Na+, 
Ca2+, Mg’+, SiO*(.,), CO:-, SO;-, Cl-, and H20. 

those measured at 25°C in the neutral pH range. The inflec- 
tions in the pH profiles are the result of the precipitation and 
dissolution of various mineral phases. Figure 4a is a plot of 
the mineral reaction rates (in units of moles mW3 bulk rock 
yr-’ f at 50 years, with precipitation represented by positive 
values of the rate and dissolution indicated by negative values. 
For this choice of rate constants and surface areas, the min- 
erals included in Fig. 4a are the most important phases within 
5 cm of the fracture wall. Calcite begins to precipitate within 
a very short distance of the fracture wall, primarily due to 
the production of CO:- resulting from the dissolution of do- 
lomite. The precipitation of brucite accounts for most of the 
pH drop between 0.2 and 1.4 cm of the fracture according 
to 

CaMg(C03)z + Ca2+ i- 2 OH- + 

2 CaCO3 -I- Mg(OH)2. { 17) 

In this region, reaction 17 conserves both CO:- and Mg**. 
Between 1.4 and 1.75 cm from the fracture wall, a peak 

in the calcite precipi~tion rate occurs which is not balanced 
by the brucite and dolomite rates, indicating that reaction 
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FIG. 4. (a) Keaction rates (mol m-j year-‘) at 50 years for the 
minerals calcite, dolomite, brucite, foshagite. and katoite. The rates 
for foshagite and katoite are multiplied by IO to make them visible. 
Calculations assume a constant porosity in the transport equations. 
Within about 1.3 cm of the fracture wall. the reaction conserves 
CO:- and Mg. Between about 1.3 and 1.75 cm, however, CO:- dif- 
fusing in from the marl to the right results in a precipitation peak in 
calcite which is not matched by peaks in brucite and dolomite. Filled 
circles on calcite precipitation rate indicate the actual discretization 
used in calculation. (b) Concentration profiles for Ca*+ and CO:- 
(in mol/L solution). The interdiffusion of Ca2+ and CO:- result in 
a calcite precipitation peak at about 1.5 cm from the fracture wall. 
Calculations assume a constant porosity in the transport equations. 
(c) Net reaction rate of total COz plotted vs. distance from the fracture 
wall. Note that there is a net consumption of COZ at about 1.5 cm 
where the precipitation rate of calcite exceeds that of dolomite (Eqn. 
18) and a net production of CO* between I .75 and 4 cm from the 
fracture where the rate of dolomite dissolution equals the rate of 
calcite precipitation (Eqn. 20). Calculations assume a constant po- 
rosity in the transport equations. 

17 no longer holds. The appropriate reaction at I .55 cm from 
the fracture wall is instead 

CaMg(COx)z + 1 I.8 CO:- + 12.8 Ca2+ + 2 OH- --+ 

13.8 CaC03 + Mg(OHh. (18) 

In this case, Ca2+ diffuses into the reaction zone from the 
fracture (x = 0 in Fig. 4) while the dominant carbonate species 
CO:-, which is present only at very low concentrations in 
the fracture, diffuses into the zone from the marl to the right. 
This can be seen more clearly by plotting the concentration 
profiles of Ca*+ and CO:- vs. distance from the fracture wall 
(Fig. 4b). Since concentration gradients create diffusive fluxes 

according to Fick’s Law, the opposing slopes of the CO:- 
and Ca*+ result in interdiffusion which in turn causes the 

precipitation of calcite. The dynamics is clarified further by 

examining a plot of the net rate of production or consumption 

of total COz vs. distance from the fracture wall (Fig. 4~). 

The net rate. RCo2, is determined from Eqn. 5: 

R co2 ~ -r;.,~,,,, .- 2r,,,,,,,,. (19) 

The calcite precipitation peak at about 1.55 cm from the 

fracture wall forms a zone in which there is a net consumption 

of CO2 (the species CO:~- at this pH) by the reactions, while 
a net production of CO2 occurs between about I .7 and 4 cm 

from the fracture. CO:- is produced at a distance of 2 cm 

from the fracture according to 

CaMg(C03)z + 2 OH - 

CaCO, + Mg(OHb + CO:-. (20) 

in which CaZi and Mg’+ are conserved while CO:- is pro- 
duced. Evidently, the change in the local diffusive fluxes of 
Ca2+ and CO:- changes the stoichiometry of the dolo- 
mite + calcite + brucite reaction. This behavior can be ex- 
plained in the following way. Up to about 1.25 cm from the 

fracture, dolomite dissolves at its far from equilibrium rate 
of 1 X IO-’ mol mm3 s- ‘. In this region, the flux of Ca2+ 
exceeds the rate at which dolomite can dissolve. The rate at 
which the reaction proceeds, therefore, is limited by the 
availability of CO:-. Further into the rock matrix at about 
2 cm from the fracture, the Ca2+ flux is much less because 
it is consumed by the reactions taking place in the zone closer 
to the fracture wall. As a result, CO:- is produced according 
to Eqn. 20. and Ca2+ rat :r than CO2 becomes the rate- 
limiting constituent. The e,.cess CO:- produced at 2 cm dif- 
fuses back toward the fracture wall and reacts with the excess 
Ca2+ at about 1.55 cm from the fracture. 

The observations concerning the reaction stoichiometry 
outlined above indicate that the flux of Ca*+ into the rock 
matrix and the rate of dolomite dissolution are the two pos- 
sible rate-limiting steps in the carbonate reactions. If dolomite 
dissolution occurred close to equilibrium (in which case the 
diffusive flux of Ca2+ would everywhere be the rate-limiting 
process), then the entire calcite precipitation profile should 
collapse into a single peak at the position marking the do- 
lomite dissolution front (at s = 0 for early times). The ob- 
servations imply that a decrease in the Ca*+ flux into the 
marl should also cause the calcite precipitation peak driven 
by Ca2+ and CO:- interdiffusion to change its position. A 
rate limitation based on dolomite kinetics or the Ca2+ flux 
also suggests that the results are not sensitive to the rate con- 
stant for calcite precipitation. This has been verified by car- 
rying out a simulation identical to that described above, ex- 
cept for the use of a rate constant for calcite of 1 X 10-s mol 

rnd2 s-~. The slower calcite rate (not shown here) resulted 
only in a slight decrease in the sharpness of the calcite peak 
without changing its position at about 1.55 cm from the frac- 
ture wall. 

This interdiffusion phenomenon explains the difference in 
the topologies of the reaction rate profiles for advective-dom- 
inant (high Peclet number) and pure diffusive transport, both 
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of which are shown in Fig. 5. In the case of advection, any 
excess of Ca2+ over and above the amount needed to precip- 
itate calcite with the CO:- provided by far from equilibrium 
dolomite dissolution reaction simply moves on downstream 
without reacting. Any CO:- produced downstream by a 
change in the reaction stoichiometry, of course, has no way 
of affecting the reactions upstream when the transport is ad- 
vective-dominant. In the case of pure diffusive transport, 
however, the CO:- produced by reactions may diffuse back 
toward the fracture wall and react with the excess Ca2+ in 
that region. The differing topologies of the reaction rate pro- 
files, therefore, are a natural consequence of the differing 
characters of advective and diffusive transport. 

The difference between the reaction profiles in the case of 
advective vs. diffusive transport is not a trivial one here, since 
the calcite precipitation peak at about 1.55 cm from the frac- 
ture wall accounts for the bulk of the porosity change in the 
marl (Fig. 6). In contrast, the porosity reduction in the pure 
advective case investigated by LICHTNER and EIKENBERG 
( 1994) is due primarily to the precipitation of various CSH 
phases. In the pure diffusion case, CSH phases (of which 
katoite and foshagite are volumetrically the most important) 
along with brucite do cause a substantial reduction in the 
marl’s porosity between about 2 mm and 14 mm from the 
fracture, but the local precipitation of calcite due to the in- 
terdiffusion phenomenon described above dominates the re- 
duction in porosity. Since the porosity is not updated in the 
diffusion and reaction equations, it takes on nonphysical 
negative values after about 15 years. As discussed above, 

Advective Transport 
I 

-8’ ’ I 
0 2 4 6 8 10 

Distance (m) 

Diffusive Transport 

Calcite 

Brucite 

-10 ’ ’ 
0 1 2 3 4 

Distance (cm) 

FIG. 5. Comparison of the topologies of the reaction rate profiles 
for advective (Peclet number = 100, Darcian flux = 1 m/y) and 
pure diffusive transport. Calculations assume a constant porosity in 
the transport equations. 

- lOYears 
- 20 Years 
---- 30 Years 

I 
-20 1 2 
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FIG. 6. Porosity evolution obtained if the mineral volume fractions 
are summed according to Eqn. 16. The porosity is “hypothetical”, 
however, since the porosity which appears in the reaction-transport 
equations is assumed to remain constant in this calculation. Non- 
physical, negative porosities, therefore, occur after about 15 years. 
The rapid porosity decrease close to I .5 cm from the fracture is due 
primarily to calcite precipitation resulting from interdiffusion of Ca’+ 
and CO:-. Note the porosity increase immediately adjacent to the 
fracture. 

however, one can view these calculations as approximate 
representations of the case in which a dilation of the rock 
matrix compensates for the cementation of the rock by sec- 
ondary phases. A rigorous treatment of this limiting case, 

1000 Years 

Dolomite 

Dolomite 1 ‘y 

2 
Diiance (zm) 

8 10 

FIG. 7. Time evolution of the volume percentages of calcite and 
dolomite. Calculations assume a constant porosity in the transport 

40 
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however, would require that the minerals in the rock must 
also be transported mechanically in order to maintain a con- 

stant porosity. In addition to the porosity reduction within 
the rock matrix, the calculations also predict a porosity in- 

crease in the marl immediately adjacent to the fracture. This 

effect is also seen in the pure advective calculations ( LICHT- 

NER and EIKENBERG, 1994) and could result in an increase 

in the permeability of the fractured rock by widening the 

fractures. 
The time evolution of the volume percentages of calcite 

and dolomite, obtained by integrating the reaction rates up 

to 1,000 years, is shown in Fig. 7. Note that the dolomite 

dissolution front has propagated about 4 cm away from the 
fracture wall by 1,000 years. The propagation of the dolomite 

front in turn causes a migration in the calcite precipitation 
peak with time, yielding the more complicated pattern in its 

volume percentage profile at 1,000 as compared to 100 years. 
The precipitation rates of brucite, katoite, foshagite, and 

sepiolite within 10 cm of the fracture wall are shown in Fig. 

8. In addition to calcite, these are the only phases to precipitate 
in significant amounts within this region. Katoite, foshagite, 
and sepiolite are close to equilibrium, so their rates of for- 

mation are limited primarily by the dissolution rates of quartz, 
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FIG. 8. Precipitation rates ofbrucite. sepiolite, foshagite, and katoite 
within IO cm of the fracture wall at times of 100, 500, and 1,000 
years. All of the rates except for that of brucite are multiplied by 10 
to make them visible. Note the gradual propagation of the brucite 
precipitation peak away from the fracture wall as it follows the do- 
lomite dissolution front. Note also that the amplitude of the precip- 
itation peaks gradually decreases with increasing distance from the 
fracture wall, a result of the t ‘I2 dependence of diffusion-driven re- 
action fronts. The calculation assumes a constant porosity in the 
transport equations. 

500 Yrs 

0 2 4 6 8 IO 

Distance (cm) 

FIG. 9. Time evolution of the volume percentages of minor phases 
within 10 cm ofthe fracture wall. The calculation assumes a constant 
porosity in the transport equations. 

muscovite, and kaolinite which provide the silica for the CSH 
phases. Small amounts of gibbsite, analcime, and natrolite 
(not shown) precipitate at about 8, 20, and 15 cm, respec- 
tively, from the fracture wall. The amplitude of the precipi- 
tation peaks decrease as they propagate away from the fracture 
wall. This is a feature of diffusion-driven metasomatism, 
where one expects a square root time dependence. When the 

reaction rates are integrated over time, they yield volume 
percent profiles as shown in Fig. 9. Note that over the first 2 
cm of the diffusion profile. the percentage of brucite in the 
altered marl approaches a constant value. This is due to the 
fact that dolomite has been completely dissolved from the 
rock between 0 and 2 cm by 500 years (Fig. 7)) thus removing 
the source of Mg which drives brucite precipitation. 

Sensitivity to uncertninties in the reaction rates 

The reaction rate constants for most of the minerals con- 
sidered in this study are poorly known. Therefore, it is im- 
portant to test the sensitivity of the results to uncertainties 
in the rate constants and/or the mineral surface areas. This 
is done by comparing two calculations in which all surface 
areas differ by two orders of magnitude. Although the results 
are not shown here, we have also tested the effect of using a 
smaller calcite rate constant as discussed above. 

Figure 10 compares the solution pH profile at 500 years 
for two initial surface areas: 100 m2 me3 and 10,000 
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ever, this might not be the case if nucleation kinetics were 
more rigorously included in the calculations. It is important, 
therefore, to keep these assumptions in mind when comparing 
these calculations with field and/or experimental observa- 
tions. 

T 
a 11 Calculations with Porosity Feedback 

The constant porosity calculations described above are ap- 
propriate if expansion of the rock keeps mineral precipitation 

10 from reducing the porosity. In the event that the rock matrix 
is immobile, however, the calculations become increasingly 
inaccurate with time as porosity decreases. Where porosity 

9 
0 10 

I&tnce (03t$ 
40 50 

reduction occurs, the effective diffusion coefficient should 
decrease as well because of its porosity dependence (Eqn. 7), 

FIG. 10. Solution pH at 500 years using mineral reactive surface 
areas of 10,000 and 100 m* mm3. The calculation assumes a constant 
porosity in the transport equations. 

m2 rnm3. The volume percentages of the minerals brucite, 
katoite, foshagite, and sepiolite for the two cases are shown 
in Fig. 11. As pointed out by LICHTNER ( 1993 ), both profiles 
could be obtained using only one surface area if the solutions 
are scaled in terms of both time and space. For the case of 
pure diffusive transport, the solutions for a field variable, F, 
(e.g., the solute concentration field or mineral volume frac- 
tions) scale according to 

F( fix, at; k’, D) = F(x, t; ak’, D), (21) 

where u is the scaling factor (in this case 100)) k’ is the effective 
rate constant including the surface area term, and D is the 
diffusion coefficient. In other words, the volume percentage 
profiles at 500 years over a length scale L for the case in 
which the reactive surface areas are 100 m* would be identical 
to the volume percentage profiles obtained from a calculation 
using 100 times larger rates if viewed at 5 years over a length 
scale L/ 10. This has been verified numerically for the case 
of pure diffusive transport using the code IDREACT (results 
not shown here). Nonetheless, it is instructive to compare 
the results at the same time and over the same distance (i.e., 
without scaling), since the timescale of interest may be dic- 
tated by the time required for the radionuclides in the waste 
repository to decay to environmentally safe levels. 

system for these three cementation exponents is shown in 
Fig. 12 up to 500 years. For the case in which the cementation 
exponent is taken as 1.5, the porosity approaches zero at 
approximately 1.4 cm from the fracture after about 15 years 
primarily because of the calcite precipitation peak discussed 
above (compare with Fig. 6). By 100 years, the porosity is 
reduced to about 1.1% in the region between 0.1 and 1.3 cm 
because of the precipitation of brucite and the CSH phases 
katoite and foshagite. Note that a porosity increase occurs at 
the fracture and extends out 1 mm into the rock matrix. The 
porosity evolution predicted with cementation exponents of 
1.25 and 2.0 are also shown in Fig. 12. The use of differing 
cementation exponents changes both the rate at which the 
porosity reduction takes place and the position of sharpest 
porosity reduction. Both of these effects are the result of the 

Note that the relative abundance of brucite and the CSH- 
phases katoite and foshagite in the two calculations differ, as 
they generally must since they are compared at the same P A = 10,000 
times rather than at the times scaled according to Eqn. 2 I. 
In the case where the larger mineral surface areas are used, 
therefore, the entire process is more advanced and one would Sepiolite 

have to compare these results with the results obtained at 
50,000 years, L = 50, and A = 100 m2 to see equivalent 
spatial distributions of the minerals. 0 2 4 6 8 10 

The results of the calculations are primarily sensitive to 
the rate constants and mineral surface areas used for dolomite 
and the silicate phases. In other words, the rate-limiting pro- 
cesses, in addition to the flux of species into the rock, are the 
dissolution of the primary minerals in the rock matrix. As 
pointed out by STEEFEL and VANCAPPELLEN(I~~O),~~~- constant porosity in the transport equations. 

Distance (cm) 

FIG. 11. Volume percentages of the secondary phases brucite, 
foshagite, katoite, and sepiolite within 10 cm of fracture wall at 500 
years. The calculations differ only in assuming initial mineral reactive 
surface areas of 10,000 and 100 m2 mm3. The calculation assumes a 
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which in turn affects the solute concentration profiles. 
In the calculations which follow, the porosity is updated 

after each time step using Eqns. 15 and 16, but otherwise are 
identical to the previous calculations. Cementation exponents 
of 1.25, 1.5, and 2 are used. The porosity evolution of the 
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changes in the magnitude ofthe effective diffusion coefficient 
(see Eqn. 7). 

The local reduction in the porosity causes a decrease in 
the effective diffusion coefficient because of its porosity de- 
pendence. The evolution of the solution pH for the case in 
which a cementation exponent of 1.5 is assumed is shown 
in Fig. 13 between 10 and 500 years (compare with Fig. 3). 
A discontinuity develops in the pH profile, indicating that 
the porosity reduction (and the resulting decrease in the local 
diffusion coefficient) has caused the region immediately ad- 
jacent to the fracture to become isolated chemically from the 
marl beyond the cemented zone. Nonreactive solutes show 
the same discontinuity. As this process is folIowed out to 
longer times, the pH profile continues to evolve in the region 
between the completely cemented zone at about I .4 cm and 
the fracture due to the continued porosity reduction in this 
region. Porosity reduction continuously sharpens the pH 
front, thus limiting the potential pH neutralization effects of 
the marl on fluid moving through the fracture. 

The porosity decrease at 1.4 cm has a strong eflect on 
reaction rate profiles in the rock matrix. Figure 14 shows the 
reaction rates of various minerals at 500 years, again for a 
cementation exponent of 1.5. Note that by 500 years, the 
pronounced calcite precipitation peak resulting from the in- 
terdiffusion of Ca2+ and CO:- has disappeared. This is be- 
cause the cementation of the zone at about I .4 cm has effec- 

tively shut off the interdiffusion mechanism: that is. CO:-- 
can no longer diffuse in from the region beyond 1.4 cm from 
the fracture. In addition, marked discontinuities develop in 
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FIG. 12. Porosity evolution for cases in which the cementation 
exponent. FZ, is assumed to be 1 S. 1.25, and 2 (see Eqn. 7). Mineral 
precipitation and dissolution reactions are assumed to modify the 
porosity which appears in the transport equations. 
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FIG. 13. Time evolution of the solution pH for calculation in which 
mineral precipitation and dissolution reactions modify the porosity 
which appears in the transport equations. Note the development of 
a discontinuity at about 1.5 cm from the fracture due to the local 
reduction in the diffusion coefficient according to Eqn. 7. The ce- 
mentation of this zone prevents ions from diffusing through the zone 
and thus effectively isolates the region beyond 1.5 cm chemically 
from the region adjacent to the fracture wall. A cementation exponent 
of I.5 is assumed. 

the rates of the other reacting phases. Katoite and foshagite 
precipitate in the 0- 1.4 cm region, while sepiolite precipitates 
in the region beyond I .4 cm. 

500 Years 

Muscovite 
0.00 I 

! 
: __--- 

__“_I; 
,_________--------- Quartz ___a-- 

-0.05 

-2 Katoite 

2 0.00 1 ’ ’ I 
ti 4 

Calcite 
2 ._j Brucite 

0 --*_ 

L-- Dolomite 
_2 r_-.l 

0 2 4 6 8 10 

Distance (cm) 
FIG. 14. Reaction rates at 500 years for calculation in which a 

porosity feedback in the transport equations is included. Note the 
discontinuity in the reaction rates which develops where the porosity 
goes to 0 at about I.5 cm from the fracture. A cementation exponent 
of I.5 is assumed. 
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Table 6. Solute concentrations and constraints for the high Na-K 
cement pore water used aa a boundary condition in the calculations. 
High Na and K values are assumed to be derived from dissolution 
of cement. 

Concentration Constraint 

(nW1) 
OH- 2.71 x 10-l charge balance 
Al( OH); 1.11x10-4 katoite 
K tot 2.0x 10-l dissolution of cement 

Nat& 1.0x10-’ dissolution of cement 
Caa+ 3.57x 10-4 portlmdite 

Mgz+ 1.65~10-‘~ brucite 

SQ(.,) 8.44~ lo-lo foshagite 
co:- 1.14x10-’ calcite 
so:- 4.27x 1O-3 ettringite 

$G) 
1.o3x1o-3 marl groundwater 

25 

I(M) 2.87x 10-l 

PB 13.26 

High Na + K Cement Porewaters 

The calculations presented above have all assumed a con- 
stant fluid composition in the fracture characterized by rel- 
atively low Na and K concentrations (Table 1). A porewater 
reacted for short times with cement (e.g., <lO,OOO years), 
however, may have much higher NaOH and KOH concen- 
trations and therefore considerably higher pH values. If equi- 
librium between the porewater and portlandite is assumed 
to hold in the cement, then the higher OH- concentrations 
in the fluid will also result in lower Ca*+ concentrations. To 
examine some of the possible effects of cement porewaters 
with higher concentrations of Na and K and with higher pH 
values, we consider two separate scenarios. In the first sce- 
nario, the composition of the cement porewaters remains 

- Total K 

----- Total Na 
- Total Cam 

12 
0 200 400 600 800 1000 

Time (years) 

FIG. 15. Time evolution of the total Na and K concentrations, 
*g.(t) and @(I), in the fracture for the case where transient, in- 
congruent dissolution of the cement is assumed to occur. 

constant at the values given in Table 6 over the 1,000 years 
of the simulation. In the second scenario, timedependent 
boundary concentrations are used to represent the gradual 
depletion in Na and K over 1,000 years (e.g., BERNER, 1992). 
In both cases porosity reduction is coupled to the effective 
diffusion coefficients. 

For the time-dependent case it is assumed that, as marl 
groundwater flows through the repository leaching alkalies 
from the cement, the concentration of alkali in solution de- 
creases exponentially with time according to a first order rate 
law as the inventory of alkalies in the cement is depleted. 
Thus, the total alkali concentration in the cement pore so- 
lution, \k:( t), is assumed to obey the expression 

*T(t) = (@f - *,v)e-+ + *y, (22) 

with j = Na, K, where ?tg represents the initial cement pore 
solution composition, q,v represents the ambient marl 
groundwater concentration, and 5 denotes the decay con- 
stant..By taking the ratio of the initial inventories, an expres- 
sion is obtained for the ratio of the Na and K decay constants 
( LICHTNER and EIKENBERG, 1994 ): 

where W, represents the gram-formula-weight of the jth spe- 
cies and # is the initial inventory of the jth alkali in the 
cement. To determine values for the decay constants XNa and 
AK, it is assumed that the mass ratio Na:K in the cement is 
1: 10, and the molar ratio in the pore solution is 1:2 ( BERNER, 

14 
Decaying Na+K 

10 Years 
,_________________________________. 
I 100 
i 

10 i 
~_______._____.51M____-______ 

E8 
I I 

14 
Constant Na+K 

___________________!Ez.______ 
i 100 

i 
10 i 500 _____-_-_-_-_-_-___-~-~-~~~~~. 

8’ 
0.0 0.5 

Distance (cm) 

I 
1.0 

FIG. 16. Solution pH for the cases in which the total concentrations 
of Na and K in the fracture are assumed to decay with time (see Fig. 
15) and for the case of a constant concentration of 0.2 and 0.1 molar 
K and Na, respectively. Note that in the case of the decaying Na and 
K concentrations, the solution pH at the fracture wall (x = 0) de- 
creases with time as well. A porosity feedback in the transport equa- 
tions is included. 



3608 C. I. Steefel and P. C. Lichtner 

Decaying Na+K 

Constant Na+K 

- lOYears 
----- 50 Years 

---- 100 Year 

I 

Distance (cm) 

2 

FIG. 17. Porosity evolution for the cases ofgradually decaying and 
constant. high Na and K concentrations in the fracture. 

1990). If an arbitrary value for XNa = IO -’ y ’ is selected 
yielding a half-life of approximately 69.3 years, this gives XK 
= 0.0034 y-’ or a half-life of approximately 203.8 years. We 
use the values given in Table 6 for the initial total concen- 

trations of K and Na, 4”, and @,,, and we use the values 
in Table I for the groundwater concentrations, *r and 
*\I. Using Eqn. 22, one obtains the total concentrations of 
K and Na in the fracture as a function of time. These cal- 
culated values are shown in Fig. 15. The pH of the resulting 
solution and the remaining species concentrations are cal- 
culated by equilibrating the solution at each instant with the 
same minerals used for the calcium hydroxide solution de- 
scribed above. 

The time variation of the solution pH within the marl 
matrix for the two cases (constant and time-dependent (Na 
+ K) is shown in Fig. 16. Note that the two cases are vev 
similar except for the gradual decrease in the pH of the pore 
fluids in the fracture (at x = 0) which occurs in the calculation 
with a decaying (Na + K) concentration. A distinct discon- 
tinuity in the pH develops in both cases because of local 
porosity reduction. The evolution of the porosity is shown 
in Fig. 17 for the two cases. In both cases, the porosity in the 
rock matrix goes to zero within as little as 10 years a very 
short distance from the fracture wall. The porosity reduction, 
as in the low-( Na + K) case considered above, results from 
the interdiffusion of Ca2+ and CO:- which drives calcite pre- 
cipitation. This reaction is linked to the pH and the Na + K 
concentrations in the fracture only in so far as these concen- 
trations influence the Ca” in the fracture. As predicted above. 
the lower Ca*+ concentrations in the fracture which occur 
when the (Na + K) concentrations are higher (Table 6) result 
in a reduced diffusive flux of Ca*+ into the rock matrix, thus 
shifting the location of the calcite precipitation peak. The 
lower Ca*+ flux, therefore, causes diffusion to become the 
rate-limiting process within a very short distance of the frac- 

ture wall. At any distance greater than 0.5 mm from the 

fracture wall, Ca2+ is conserved and CO:- is produced in the 
reaction dolomite + calcite + brucite which proceeds ac- 
cording to Eqn. 20. The effect of differing Ca*+ fluxes into 

the rock matrix can be seen in Fig. 18 where we have plotted 
the calcite precipitation rate for three different (Na + K ) 
concentrations in the fracture. Where the (Na + K) = 0.3 

M (the fluid composition given in Table 6), the calcite pre- 

cipitation peak forms immediately adjacent to the fracture. 

DISCUSSION 

A marl rock matrix adjacent to a hyperalkaline fluid-filled 

fracture could be completely cemented locally in as little as 
IO to 500 years. All the calculations predict a narrow zone 

(on a millimeter scale) immediately adjacent to the fracture 
wall where the porosity increases, and a zone on the order 
of millimeters to centimeters from the fracture where the 
porosity tends to zero. These results assume that the fracture 
remains open and is continually flushed with the hyperal- 
kaline fluid emanating from the cement. 

Implications for Modeling of Water-Rock Interaction 

The calculations presented here, although applied to a spe- 
cific environmental problem, have some significant impli- 

cations for the applicability of various geochemical models 
to water-rock interaction. The calculations indicate that sig- 
nificant differences may exist in the geochemical behavior of 
systems characterized by advective vs. diffusive transport, 
aside from the inherent difference in the length scales in- 
volved. The most significant difference is that the pure dif- 
fusion calculations predict calcite will precipitate locally due 
to interdiffusion of Ca2+ and CO:-. This local precipitation 
accounts for most of the porosity reduction predicted for the 
marl rock matrix and is therefore potentially a nontrivial 
effect. The interdiffusion effect is particularly important for 

Calcite Precipitation Rate 
400 , 

- Na+K = 0.02 

---- Na+K = 0.075 

----- Na+K = 0.3 

1 
Distance (cm) 

FIG. IX. Calculated calcite precipitation rate as a function of various 
total Na + K concentrations in the fracture. Because of the constraints 
that the fluid in the fracture be at equilibrium with respect to calcite 
and portlandite, increased Na and K concentrations result in higher 
pH values and lower Ca concentrations. The lower Ca concentrations 
in the fracture result in a reduced diffusive flux of Ca into the rock 
matrix. thus causing the calcite precipitation peak to migrate in toward 
the fracture wall. See text for further discussion. 
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the case where the cement porewaters have high Na and K 
concentrations and high pH (> 13), since in this case the 
porosity reduction resulting from the interdiffusion phenom- 
enon greatly exceeds the porosity reduction due to other pre- 
cipitation reactions. In the case of a high Na + K cement 
porewater, therefore, an even greater discrepancy between 
advective-dominant and diffusive transport is apparent. A 
“reaction path” calculation, which is ultimately based on an 
assumption that either the system is closed or that transport 
is purely advective ( STEEFEL and LASAGA, 1992), will also 
fail in describing a system where diffusive transport domi- 
nates. 

An analysis based on the Peclet number (Pe = VI/D) sug- 
gests that there is some length scale, I, where advective trans- 
port dominates over diffusive and/or dispersive transport. 
This conclusion applies in a straightforward way to transport 
through a homogeneous porous medium. Because there are 
natural length scales characterizing fractured rock, a scaling 
analysis such as that given by Eqn. 2 I cannot be carried out. 
It may be that in rock containing fractures separated by finite 
distances, diffusive transport could have a very important 
effect on the kind and spatial distribution of reaction products 
no matter what the overall size of the system. 

Implications for the Migration Rate of Contaminants 

The predicted mineral reactions may have several possible 
implications for the rate of migration of contaminants. One 
possibility, which is directly addressed by the calculations, is 
that mineral precipitation reduces the porosity of the rock 
matrix. By decreasing the effective diffusion coefficient in the 
marl, the porosity reduction may isolate the fracture chem- 
ically and physically from the rock matrix (NERETNIEKS, 
1980). The problem of contaminant retardation by matrix 
diffusion was discussed by NERETNIEKS ( 1980) and TANG 

et al. ( 198 1). NOVAK and SEVOUGIAN ( 1993 ) show the com- 
bined effect of physical retardation via matrix diffusion and 
chemical retardation due to mineral precipitation in a dual 
porosity system. None of these studies, however, considered 
porosity change. Another possibility, not considered in the 
calculations, is that the force of crystallization in the marl 
could cause the alteration zone to dilate, thus closing the 
fracture itself. In this case, the marl rock matrix could main- 
tain a finite porosity, while the permeability of the fracture 
system developed in the marl would tend to decrease. We 
consider some of the potential implications of both scenarios 
below. 

A reduction in the effective diffusion coefficients of solutes 
in the rock matrix bordering a fracture increases the rate of 
both reactive and nonreactive contaminant migration down 
the fracture ( NERETNIEKS, 1980; TANG et al., 198 1; NOVAK 
and SEVOUGIAN, 1993). Contaminants are physically re- 
tarded through matrix diffusion because the diffusion in the 
rock matrix represents a “diffusive loss” from the fracture. 
The reduction in the porosity of the rock matrix might have 
an even greater effect on a reactive contaminant. If a con- 
taminant cannot diffuse a significant distance into the rock 
matrix bordering a fracture, then the total reactive surface 
area which is available for both precipitation/dissolution and 

sorption reactions is decreased. “Armoring” of the fracture, 
then, might reduce the neutralizing and sorbing capacity of 
the rock. In contrast, newly precipitated material along or 
near the fracture wall may have a very high specific surface 
area which could enhance sorption, thus reversing to some 
extent the effects of porosity reduction in the rock matrix. 

The calculations above also predict that the reactions 
change the relative abundance of minerals in the region bor- 
dering the fracture. The infiltration of a highly reactive fluid 
emanating from a cement-bearing waste repository can sig- 
nificantly alter the geochemical properties of the host rock, 
even if no physical changes take place. To assess the relative 
importance of changes in the modal mineralogy of the rock 
matrix vs. the reduction in the porosity of the matrix, one 
would have to carry out calculations including the specific 
contaminant or contaminants of interest. In nature, however, 
the “armoring” effect might be even more extreme, since 
precipitation of relatively small quantities of secondary min- 
erals could coat the surfaces of the primary minerals in the 
rock, thus making them essentially unreactive. In the cal- 
culations presented here, it is assumed that a primary mineral 
is capable of reacting as long as it has a non-zero volume 
fraction. The rate at which the neutralization capacity of the 
rock is modified, therefore, may be underestimated in the 
calculations. 

An important feature of a groundwater flow system char- 
acterized by fracture-dominated flow is that selective armor- 
ing of the fracture walls can occur in much less time than 
would be required to completely alter a homogeneous porous 
medium. If this effect of selective rock alteration along fracture 
walls is compounded by the fact that the fluids emanating 
from the concrete repository are highly reactive because of 
their very high pH, then the time required to modify signif- 
icantly the physical and chemical characteristics of the host 
rock may be very short, perhaps on the order of tens of years 
as suggested by the calculations presented here. Because of 
the uncertainty in the parameters used in the calculations, it 
is not possible to predict a definite time scale for the porosity 
reduction to occur. The calculations suggest, however, that 
the physical or chemical properties of the marl host rock will 
not remain constant for 500 years and perhaps not even for 
ten’s of years. 

A second possibility is that precipitation of secondary 
minerals might cause the rock matrix to expand, thus closing 
off the fractures. A local reduction in fracture aperture will 
result in a decrease in permeability, thus slowing the rate of 
contaminant transport. Permeability reduction in the frac- 
tures could also occur because of precipitation within the 
fracture itself, a process which is not explicitly considered in 
this study. Shutting off flow in the fracture, however, would 
allow the uncontaminated groundwater to diffuse back into 
the fracture and dissolve the fracture filling, thereby opening 
it once again to flow. 

CONCLUSIONS 

Reactive transport calculations are used to analyze water- 
rock interaction in rock matrix bordering fractures filled with 
a hyperalkaline fluid. The calculations indicate that diffusive 
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transport may result in markedly different reaction products 
from those likely to occur in the case of advective-dominant 
transport. Using a primary mineralogy which is analogous 
to the Cretaceous and Tertiary marls proposed by the Swiss 
as a low-level nuclear waste repository, the diffusion-reaction 
calculations suggest that complete cementation within cen- 
timeters of the fracture walls may occur in 10 to 500 years. 
The bulk of the porosity change in the case of diffusive trans- 
port is due to the precipitation of calcite as a result of inter- 
diffusion of Ca2* and CO:-. In contrast, porosity reduction 
is less rapid in the case of advective-dominant transport since 
calcite precipitates only as a replacement of dolomite. Both 
diffusive and advective-dominant transport result in a po- 
rosity increase immediately adjacent to the fracture. These 
effects may occur before the radionuclides in the repository 

have decayed to safe levels. 
When the porosity of the rock matrix is coupled to the 

effective diffusion coefficient in the marl, the calculations 
predict that the resulting cemented zone can cause the fracture 
to become chemically and physically isolated from the marl 
rock matrix. The calculations imply, therefore. that “armor- 
ing” of the fracture may subs~ntially reduce the neutralizing 
and sorbing capacity of the marl by limiting both the physical 
and chemical retardation capacity of the rock matrix. The 
possible effects of a reduction in matrix porosity. however. 
must be weighed against the other potential phenomena re- 
sulting from mineral precipitation and dissolution reactions 
taking place in the rock matrix, including changes in modai 
mineralogy and the formation of precipitates with a high spe- 
cific surface area. Although the uncertainties in many of the 
parameters used in the calculations make it difficult to es- 
tablish a definite timescale, the calculations presented here 
suggest that further analyses of the migration behavior of the 
radionuclides in the vicinity of a cement-bea~ng waste re- 
pository need to take into account the chemical and physical 
changes to the host rock brought about by reaction with a 
hyperalkaline fluid. The problem also needs to be examined 
with the use of a dual porosity model, since it is not possible 
to establish how far and how rapidly the high pH plume can 
propagate without coupling diffusion and reaction in the rock 
matrix to fluid flow through the fractures. 
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APPENDIX: NUMERICAL METHODS 

The numerical method used to solve the set of partial differential 
equations given by Eqns. 4 and 15 is described in detail in STEEFEL 
and LASAGA ( 1994). A “one-step” or “global implicit” method is 
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used to solve the equations. The method involves solving simuha- 
neously for the compiexation reactions (which are assumed to be at 
equilibrium). the kinetically-controlled heterogeneous reactions, and 
the transport terms. The primary species (the C’s) rather than the 
“‘total” concentrations (the \k,‘s) are the unknowns. Following the 
notation of LICHTNER ( 1992), we can introduce the differential op- 
erator 

(Al 1 

and write the governing differential equations for solutes in terms ol 
the “total” component concentrations as 

L f ‘lr,, = R,y (.j = 1, . . N,). (AZ) 

Substituting Eqn. 2 into Eqn. 3. an expression for the “total” com- 
ponent concentration is obtained in terms of the primary species 
alone. Substituting this result and Eqn. 14 into Eqn. A2 gives ( STEEFTI. 
and LASAGA, 1994) 

(j- I,....,Vt). (A3) 

where the y,‘s and r,‘s are the activity coefficients for the secondary 
and primary species respectively. 

The integrated finite difference method is used to convert the dif- 
ferential operator -C into an algebraic expression ( PATANK AK, 1980; 
MARSILY, 1986). In the integrated fmite difference formulation. a 
control volume is defined and the differential equations are converted 
to a set of algebraic equations which include a time derivative. fluxes 
across the boundaries of the volume, and a reaction term (Fig. 1 1. 
Using a fully implicit formulation with respect to the solute concen- 
trations and dropping the subscripts for the individual chemical 
components, Eqn. 4 can be written as 

. (A41 

where n + I and )II refer to the future and present time level, respec- 
tively. the subscripts i, i + 1. and i --- 1 refer to nodal points. the 

subscripts I + ‘1: and i -. r/z denote the properties averaged between 
the grid points i and i + I and i and i - 1, respectively, andj refers 
to the chemical component. The spacings (U’X),,,,~, (d~),_,,~. and 
1,Y are shown in Fig. 1. Note that we use the values of the porosity 
from the nth or previous time step, which is justified if the porosity 
is changing slowly relative to the time step used. Where this is not 
true. the porosity and solute concentrations must be solved for si- 
multaneously or iteration between the two is required. The fmite 
difference equations are written in terms ofthe “total” concentrations. 
Q, for the sake of compactness, but as discussed above, the actual 
algorithm employed by I DREACT expresses the equations directly 
in terms of the primary species concentrations using Eqn. 3. 

Since both the “total” concentrations, q, and the heterogeneous 
reaction term. R, are nonlinear functions of the primary species con- 
ccntrations, an iterative method is required to solve Eqn. A4. The 
nonlinear set of algebraic equations are solved with the Newton- 
Raphson method. tn practice, one carries out a series of nested cal- 
culations in order to complete a time step. A number of Newton 
iterations are normally required to obtain convergence of the non- 
linear set of algebraic equations. Each Newton iteration, in turn, 
requires the solution ofa set ofsimultaneous linear equations at each 
nodal point within the domain in order to obtain the corrections to 
the primary species concentmt~ons. It is apparent from Eqn. A4 that 
in a one-dimensional system. the concentrations ofthe primary species 
at a nodal point i are potentially functions of all of the primary 
species concentrations at the i. i + I, and i -- I nodal points. The 
logarithms of the primary species concentrations are used because 
of the superior numerical stability of this method. In a one-dimen- 
sional problem, therefore. a single Newton iteration requires solving 
a %ct of linear equations of the form 

where the derivatives a,!;,, /a In C;,, form the elements of the Jacobian 
matrix. Once the entire vector of concentration corrections (the S In 
C;,,;s) are obtained by solving Eqn. A5 over the entire spatial domain, 
the concentrations are updated according to 

where the superscript k refers here to the iteration level. This procedure 
is repeated until convergence is obtained. Since Eqn. A5 has a block 
tridiagonal form in a one-dimensional problem, it is solved efficiently 
with the block tridiagonal solver developed by HINDMARSH ( 1977 ). 


